. Aside from this regulation of been newly synthesized during the budding process.
Here, we describe two distinct programs of gene exare consistent with the idea that chitinase, secreted by daughters, is concentrated on the daughter side of the pression in daughter cells. Both programs require Cbk1, Mob2, and Ace2. We first found that the CTS1 gene is bud neck. The only previously studied case of asymmetric exexpressed only by daughters. We identified other genes coexpressed under seemingly irrelevant conditions, pression in yeast, mother-specific expression of HO, results from daughter-specific accumulation of the HO then determined which of these candidate genes had promoters that drove daughter-specific expression.
repressor Ash1. Therefore, we tested whether daughterspecific expression of CTS1 depended on Ash1 or Ash1 Daughter-specific expression results from Cbk1-and Mob2-dependent activation and localization of Ace2 to localization. We observed the expression of P CTS1 -YFP in ⌬ash1, ⌬myo4, and ⌬she4 cells (not shown). In all the daughter nucleus. One daughter-specific expression program consists of eight genes induced in daughter strains, the YFP signal was daughter-specific. Therefore, daughter-specific CTS1 expression was indepencells in early G1. It includes genes of known function, and four relatively uncharacterized genes which we dent of Ash1 and the machinery involved in ASH1 mRNA transport. named DSE, for Daughter-Specific Expression. The other program consists of two genes, ASH1 and EGT2.
We investigated the dependence of CTS1 daughterspecific gene expression on Cbk1 and Ace2. In ⌬ace2 This program is conditional: in exponentially growing cultures, these genes are expressed in both mothers and cells, P CTS1 -YFP fluorescence was undetectable; in ⌬cbk1 cells, P CTS1 -YFP fluorescence was greatly reduced daughters, but in saturated cultures, they are expressed only in daughters. Taken together with the enzymatic and asymmetric expression was lost. Deletion of SWI5, which is not involved in CTS1 expression, did not affect activities of the encoded proteins, our results indicate that some daughter-specific gene products bring about asymmetric P CTS1 -YFP fluorescence ( Figure 1a ). In contrast, deletion of cbk1 or ace2 did not affect mothercell separation by degrading the septum from the daughter side of the mother-daughter pair. specific expression of P HO -YFP, while deletion of SWI5 abolished it (not shown).
Results

CTS1 Defines a Larger Set of Cbk1-and Ace2-Dependent Daughter-Specific Genes
CTS1 Is Expressed in and Localized to Daughter Cells
We set out to identify possible additional daughter-specific genes by whole-genome gene expression monitorTo characterize Cbk1-dependent CTS1 regulation, we constructed a single-copy plasmid that carried the YFP ing. No mother-daughter differential whole-genome expression data was available to us. However, we tested gene under the control of the CTS1 promoter (Ϫ762 to Ϫ1; here, we refer to the nucleotide upstream of the the idea that other daughter-specific genes might be coregulated with CTS1 under different, seemingly irrelestart codon as Ϫ1). In exponentially growing yeast carrying P CTS1 -YFP, fluorescence was restricted to daughvant conditions. Since CTS1 is cell cycle regulated, we first examined ters in mother-daughter pairs (Figure 1a) . In contrast, only mothers expressed P HO (Ϫ1807 to Ϫ1) -YFP, and both other genes that were cell cycle regulated in a CTS1-like manner. From gene expression monitoring experiments, mothers and daughters expressed P SIC1 (Ϫ1213 to Ϫ1) -YFP (Figure 1c) . To confirm the daughter cell designation, CTS1 has been grouped in a set of genes designated as the "SIC1 cluster". This cluster is transcribed in late we monitored cells bearing P CTS1 -YFP by time-lapse photomicroscopy. We observed that after each cell finished M and/or early G1 (Spellman et al., 1998; Figure 2a) . Some of the SIC1 cluster genes are known to require dividing, only the newly budded cell, the daughter, became fluorescent (n ϭ 50 cells). In Figure 1b , we show either Swi5 or Ace2 for expression, and most contain putative binding sites for these activators in their regulaone example cell. At time 0, the unbudded cell displays fluorescence, consistent with CTS1 being expressed in tory regions (Spellman et al., 1998) . We used YFP reporters to examine expression from the promoters (from early G1. As the cell buds, YFP fluorescence decreases (from 15 to 90 min), and the newly formed daughter Ϫ1200 to Ϫ1 for each gene) for the genes in the SIC1 cluster and from other genes whose expression is conbecomes fluorescent (from 105 to 150 min). These results are consistent with the conclusion that CTS1 extrolled by Swi5 and Ace2 (see Tables 1 and 2) . Seven of the 26 tested promoters (CST13, PRY3, SCW11, pression is restricted to daughters. We also observed that in W303 diploid strains carrying P CTS1 -YFP, fluores-YER124C, YHR143W, YOR264W, and YNR067C) directed daughter-specific fluorescence in exponentially cence was restricted to daughters (not shown).
Since CTS1, the gene encoding chitinase, was exgrowing cells. 16 promoters displayed approximately equal fluorescence in mothers and daughters, and three pressed only in daughters, we wondered whether chitinase might be concentrated in the daughter cell wall.
showed no detectable YFP fluorescence (Figure 1e and Tables 1 and 2 In both datasets, most of the daughter-specific genes were coregulated (Table 1 and Figure 2c and 2c). PRY3 Daughter-Specific Genes If the eight daughter-specific genes defined a transcripdid not cluster with the rest of the daughter-specific genes in any of the other datasets, while DSE4 only tional regulon, then they might be expected to show Daughter-specific and conditional daughter-specific expression groups. Possible functions of the encoded proteins (detailed in the text). Abbreviations: "Loc," localization; "CW," cell wall; "Nuc," nuclear; "Cyt," cytoplasmic; "E," experimentally determined; "P," predicted from sequence; "EG," Exponential Growth, pattern of expression in exponentially growing cultures; "SC," saturated cultures (OD 600 ‫;)5ف‬ "D," daughterspecific; "M/D," mother and daughter; "M," mother-specific; "ND," not detected; "Env Stress Data Set," coexpressed in environmental stress response data set ( clustered with the other daughter-specific genes in the of asymmetric localization of Ace2. To test this idea, we used a plasmid containing a YFP-Ace2 fusion protein deletion data set.
ASH1 was coregulated with the daughter-specific under the control of P ACE2 . This plasmid complemented the separation defect in ⌬ace2 cells (not shown), indicatgenes in the stress-response dataset but not in the deletion dataset. These results suggested that under enviing that the fusion protein was functional. We observed the localization of YFP-Ace2 at the end of the first mitosis ronmental stress conditions, expression of ASH1 (and perhaps of other genes) might be restricted to daughafter ␣ factor arrest (approximately 80 min). Arrest induces formation of mating projections that are not reters. To test this idea, we examined YFP fluorescence driven by P ASH1 and the other previously tested promotsorbed, allowing mothers to be distinguished from daughters born after release. At the end of mitosis, YFPers in saturated cultures (see Experimental Procedures). Here, for daughter cell designation, we stained cells with Ace2 expression was confined to daughter nuclei (Figure 3a) , except for a fraction of cells ‫)%01ف(‬ that showed calcofluor white, which labels bud scars (Pringle, 1991), present only in mothers. Under this stress condition, both mother and daughter nuclear YFP signal. P ASH1 -YFP and P EGT2 -YFP-derived fluorescence were only visible in cells lacking bud scars, i.e., daughters, as Ace2 Transiently Translocates were the eight previously identified daughter-specific to the Mother Nucleus promoters (Figure 2d ). The remaining 16 promoters eiWe realized that localization of Ace2 to the daughter ther did not direct YFP expression or directed equal nucleus could be due to at least three mechanisms: (1) expression in mothers and daughters (see Table 2 ). In preferential accumulation of Ace2 in the cytoplasm of saturated cultures, daughter-specific expression of the future daughter followed by import into the nearest ASH1 and EGT2 required Ace2 and Cbk1 but was indenucleus, (2) export/degradation of Ace2 from/within the pendent of Swi5 (not shown). This observation sugmother nucleus, or (3) preferential import of Ace2 into gested that EGT2 and ASH1 define a separate, condithe daughter nucleus. To distinguish among these postional program of daughter-specific gene expression sibilities, we monitored the localization of YFP-Ace2 in active in saturated cultures. cells released from ␣ factor arrest by time-lapse photomicroscopy. Before its nuclear transport, YFP-Ace2 was Ace2 Localizes to the Daughter Nucleus evenly distributed in the cytoplasm of the mother and Expression of ACE2-dependent genes was restricted to the nascent daughter. Initially, YFP-Ace2 translocated daughters. We hypothesized that this might be the result to both mother and daughter nuclei. Whereas YFP fluorescence in the mother nucleus disappeared rapidly, it shown). These findings are thus consistent with a combishares 31% sequence identity and 52% sequence similarity with Cbk1. We suggest that Mob2 may be required nation of mechanisms 2 and 3, in which asymmetric localization of Ace2 is the result of its rapid removal from to activate Cbk1. the mother nucleus, either by degradation or export, together with its preferential import into the daughter nucleus.
Cbk1 and Mob2 Localize to the Growing Bud Tip, Then to the Bud Neck and the Daughter Nucleus
To understand the mechanism of Cbk1/Mob2/Ace2 actiThe Cbk1 Interacting Protein Mob2 Is Required for Daughter-Specific Expression vation of daughter-specific genes, we determined the subcellular localization of Cbk1 and Mob2 using protein In order to gain further insight into the mechanism responsible for daughter-specific expression, we anafusions to GFP (Cbk1) or YFP (Mob2) and tracked fluorescence as cells progressed through the cell cycle after lyzed the cell separation phenotype in strains which lacked the genes coding for proteins known to interact release from ␣ factor arrest. Localization of Cbk1-GFP and Mob2-YFP was similar (Figures 4a and 5d , top). with Cbk1: Yol036, Lre1, Ssd1, Not3, and Mob2 (Racki et al., 2000) . Among these mutants, the ⌬mob2 strain, Before release from arrest, Cbk1-GFP and Mob2-YFP were localized to the schmoo tip. In budding cells (50 ACLY363, but no others, showed a cell separation defect (below). In ACLY363, expression of constitutive daughmin after release), both proteins were present in the growing bud membrane. In large budded cells (80 min ter-specific genes was undetectable. In saturated cultures, expression of EGT2 and ASH1 was greatly reafter release, in which mother and daughter DNA have separated), both proteins were localized to the bud neck duced and asymmetric expression was lost (data not shown). This fact suggested that the separation defect and the daughter nucleus. We performed time-lapse photomicroscopy of exponentially growing cultures to in ⌬mob2 cells arises because of defects in the expression of chitinase and other daughter-specific gene proddetermine if, as for Ace2, Cbk1 and Mob2 transiently localize to the mother nucleus. We observed a small ucts. The function of Mob2 is unknown, but its homolog, Mob1, interacts with the mitotic exit network kinase Dbf2 amount of Cbk1-GFP and Mob2-YFP in the mother nucleus (Figure 4b and not shown) that lasted for about and is required for its activation (Mah et al., 2001 ). Dbf1 To test whether these functions required Cbk1 protein of the daughter-specific Ace2-dependent genes, we examined whether asymmetric nuclear localization of Ace2 kinase activity, we constructed a strain that expresses a mutant Cbk1 (Cbk1-M429A) with a lesion in its ATP required Cbk1 and Mob2. We monitored YFP-Ace2 in ⌬cbk1 and ⌬mob2 cells. In these cells, YFP-Ace2 was binding pocket. This lesion makes the ATP binding site larger, allowing it to interact with the inhibitors NaPP1 present in both mother and daughter nuclei (Figure 5a and data not shown), suggesting that Cbk1 and Mob2 and 1NM-PP1 (Bishop et al., 2000) . In the absence of daughter nuclei (Figure 5a) . Similarly, Cbk1-M429A cells treated with inhibitors showed no YFP fluorescence from P CTS1 and other daughter-specific reporters (not shown). These experiments indicate that Cbk1 kinase activity is required for specific accumulation of Ace2 in the daughter nucleus, and also for an additional function needed to activate transcription of daughter-specific genes.
Active Ectopic Ace2 Activates Daughter-Specific Genes in Mothers
To determine if translocation of active Ace2 to the daughter nucleus was sufficient to bring about daughter-specific gene expression, we delivered active Ace2 to the mother nucleus and determined whether active ectopic Ace2 could induce daughter-specific genes in mothers. Activation and proper localization of wild-type Ace2 requires Cbk1 and Mob2. We reasoned that an Ace2 gain-of-function mutant such as Ace2-G128E, which is active in ⌬cbk1 mutants (Racki et al., 2000), might accumulate in both nuclei. To test this idea, we used a reporter plasmid expressing YFP-Ace2-G128E controlled by P ACE2 in wt cells. This Ace2 mutant accumulated in mother and daughter nuclei at the end of mitosis (Figure 5b) . We then constructed a strain which expressed Ace2-G128E instead of Ace2 and examined expression of P CTS1 -YFP. In this strain, P CTS1 -YFP expression was visible in both mothers and daughters ( Figure  5c ). These results are consistent with the idea that localization of Ace2 to the daughter nucleus and its activation by Cbk1/Mob2 are sufficient for daughter-specific gene expression.
Cbk1, Mob2, and Ace2 Are Required to Localize One Another
Cbk1 and Mob2 were required to localize Ace2 to the daughter nucleus. Since Cbk1 and Mob2 interacted and colocalized to the growing bud tip, the bud neck, and , 1999) . At the end of anaphase, when Cdc28 kinase activity drops, Ace2 specifically accumulates in the daughter nucleus. Our data suggest that initially, Cbk1/ Mob2-activated Ace2 translocates to both mother and daughter nuclei, perhaps in a complex with Mob2 and Cbk1. Later, import into the mother nucleus stops, and Ace2 in the mother nucleus is either degraded or exported. Meanwhile, import of activated Ace2 into the daughter nucleus triggers expression of daughter-specific genes. suggest their functions, but their daughter-specific expression suggests that they may also help establish Discussion daughter fate. We have identified two distinct programs of daughterspecific gene expression in S. cerevisiae.
The Unconditional Program
Both programs
The Conditional Program require Cbk1, Mob2, and Ace2. One consists of genes Our results also uncovered a second program. This prothat are constitutively expressed in daughters. The other gram causes daughter-specific expression of genes unconsists of genes that are expressed in daughters condider particular environmental conditions. In exponentially tionally, under the stress of growth to saturation. Genes growing cultures, ASH1 and EGT2 are expressed in in both programs are required for cell separation. mothers and daughters, and either Swi5 or Ace2 can Daughter-specific expression is the result of Cbk1-and activate their expression. However, in saturated culMob2-dependent localization of Ace2 to the daughter tures, transcription of these genes is restricted to daughnucleus. Cbk1 and Mob2 associate in two-hybrid experiter cells and shifts from dual control by Swi5 and Ace2 ments and likely form a complex, much like the Dbf2 to exclusive control by Ace2 (Figure 2d and Table 1 ). In kinase pairs with Mob1 (Mah et al., 2001) . Moreover, the saturated cultures, expression of the Swi5-dependent fact that in two-hybrid experiments Cbk1 and Mob2 HO promoter is greatly diminished (Table 2) , suggesting each interact with Ace2 and that all three proteins accuthat the shift in control may be due to a reduction in mulate in the daughter nucleus at the end of mitosis Swi5 activity. suggests that they might form a three protein complex ASH1 protein product is expressed in daughters due (Finley and Brent, 1994).
to daughter-specific localization of its mRNA. Our finding that, in saturated cultures, activity of the ASH1 promoter is also confined to daughters identifies a second Cbk1/Mob2 Control of Daughter-Specific Gene Expression mechanism of daughter-specific ASH1 expression. It is possible that in saturated cultures (and perhaps in Cbk1/Mob2 control of daughter-specific gene expression is summarized in Figure 6 . Ace2 is expressed during colonies), both mechanisms are active. If so, the effect would be to localize Ash1 (and perhaps other proteins) G2 (Spellman et al., 1998) , before new daughters are to daughters of daughters and thus to bring about cell Cells lacking CBK1 or its target genes CTS1 and SCW11 
ACLY330
Relevance to Other Organisms A Possible Cytokinesis Checkpoint
Cell fate asymmetry in budding yeast is regulated by Why does Ace2 need to be activated by Cbk1/Mob2? mother-specific transcription of HO and by daughterOur findings indicate that daughter-specific gene exspecific programs described here. These results cannot pression leads to the degradation of the connecting exclude the idea that there may be still other asymmetric septum, followed by cell separation (see below). We processes that regulate events specific to mothers, found that Cbk1 and Mob2 localized to the bud neck daughters, and, perhaps (in light of our findings with just when Ace2 began to accumulate in the daughter Ash1), granddaughters. The proteins that govern the nucleus, suggesting that Cbk1/Mob2 movement to the daughter-specific proteins, the kinase Cbk1, Mob2, and bud neck might trigger Ace2 movement to the nucleus. the transcription factor Ace2, have homologs in other The Cbk1 and Mob2 proteins would thus appear suited organisms. It would not be surprising to find that these to transduce a signal indicating the completion of memproteins regulate asymmetric cell division and lineage brane fission in the bud neck. We propose that this determination in higher eukaryotes. Cbk1/Mob2 signal is part of a "cytokinesis checkpoint" that ensures that cell wall degradation does not com- 
Systematizable Methods to Identify Programs of Gene Expression Yeast Strains and Plasmids
We have identified programs of gene expression speStrains are detailed in Table 3 We Proc. Natl. Acad. Sci. USA 91, 12980-12984.
